Tidal volume (KT), minute ventilation (KE), the duration of inspiration and expiration, and Paco, were measured via a tracheostomy in adult cats anaesthetized with 0.7%, 1% and 1.5% (inspired) trichloroethylene (TCE). The tracheal cannula was occluded at intervals at the start of inspiration and the tracheal pressure was measured to assess the force of contraction of the respiratory muscles. Anaesthesia with TCE 0.7% was associated with an increase in VE, a reduction in VT, and a marked increase in respiratory frequency and mean inspiratory flow rate, but Paco t values did not differ significantly from those in conscious animals. Ventilation was also greater than in conscious animals during anaesthesia with TCE 1%. TCE 1.5% caused a significantly greater Paco, than in conscious animals. All concentrations of TCE caused a reduction in the ventilatory response to carbon dioxide, measured by the steady-state method. Cervical vagal section did not abolish the tachypnoea caused by TCE.
the pattern of breathing in adult cats. In addition to measurements of minute ventilation (FE), / and FT, we measured the volume inspired in the first 0.1 s of inspiration (F 0-1 ), and the duration of inspiration, expiration and the total respiratory cycle (r l5 T E and T tot respectively). We calculated the mean inspiratory flow rate (FT/T Z ) and the ratio of inspiratory to total cycle duration (7yr t(?t ).
We occluded the airway at the onset of inspiration and measured the pressure change in the first 0.1 s of an inspiratory effort (P 0 .i) (Whitelaw, Derenne and Milic-Emili, 1975 ). This pressure change indicated the tension generated by the inspiratory muscles. The occlusion was performed with tie lung filled to functional residual capacity, and no flow of gas or change of volume occurred during the measurement (apart from the negligible decompression of gas in the lungs). Consequently, the dimensions of the respiratory system were nearly constant, and the magnitude of the tension developed in the respiratory muscles during isometric contraction had a consistent proportion to the degree of neural activation of these muscles. In this way, P ol was used as an index of the rate of increase of activity of inspiratory motoneurones, or central inspiratory activity (Bradley et al., 1975; Eldridge, 1975) . V 01 and FT/^ also indicate the rate of increase of inspiratory activity but they may be affected by changes in flow resistance or elastance (impedance) of the respiratory system (Whitelaw, Derenne and Milic-Emili, 1975) . The relationship between P ol and V ol indicates changes in the mechanical properties of the respiratory system. For example, a reduction in V ol may be caused by an increase in flow resistance or elastance of the respiratory system, in addition to a reduction in the rate of increase of activity of respiratory motoneurones or by neuromuscular impairment. An increase in the ratio PQ.I/VO.I would suggest that impedance had increased.
The ratio T-i JT tob indicates the fraction of time in which the inspiratory muscles are active. It has been called the "duty cycle" of the inspiratory muscles.
Ventilation, mean inspiratory flow and TjJT tot can be related:
The advantage of expressing ventilation in this way is that the first component (FT/TJ) is related only to the increasing activity of the inspiratory muscles and the second only to the proportional timing of the events in the respiratory cycle. This is not so for the conventional relationship:
because FT depends upon both the rate of inspiratory flow and the duration of inspiration. Euler, Herrero and Wexler (1970) proposed that changes in ventilation could be analysed in terms of the rate of increase in lung volume and mechanisms responsible for the timing of events of the respiratory cycle, since these appeared to be controlled separately.
METHODS
Adult cats (six non-pregnant females and three males) were premedicated with atropine 0.6 mg s.c. Previous experiments had shown that atropine 0.6 mg i.v. did not modify the respiratory pattern of cats anaesthetized with either halothane or pentobarbitone. Anaesthesia was induced with TCE 2% in 50% oxygen in nitrogen using a mask connected to a T-piece system with a gas flow rate of 8 litre min" 1 . TCE was vaporized using a recently calibrated Tritec Mark 3 vaporizer (Cyprane Ltd). After 15-20 min a tracheal cannula was ligated firmly in the caudal part of the trachea and a femoral artery was cannulated. In five cats both vagi were dissected free in the neck and placed in loose ligatures to facilitate subsequent section.
The cat lay supine in a volume displacement body plethysmograph (Emerson) which had a linear response at frequencies less than 7 Hz. Tracheal pressure (from a sidearm in the tracheal cannula) and systemic arterial pressure were measured with HewlettPackard 267B and Statham P23AC transducers respectively and recorded with the volume signal on a Honeywell oscillograph. TCE was given by a Tpiece connected to the tracheal cannula and the gas flow kept at three times the minute volume of the cat. The deadspace volume of the system from the tracheal cannula to the T-piece was 4 ml.
Arterial Pco 2 was measured by taking two 1-ml samples from the arterial cannula, and analysing each in duplicate with a Corning 165 blood-gas analyser. Pa c02 was calculated as the mean of the four values (the mean absolute difference between the paired values was 0.18 kPa).
After preparation of the cat, which took about 1 h, any chosen TCE concentration was given for 60 rnin before measurements were made. Nine cats were studied with TCE 0.7%, five with 1% and two with TCE 1.5%. In the six cats in which more than one These five occlusions were repeated after two concentrations of carbon dioxide (first 2-3% and then 4-6%) had been added to the carrier gas for 5 min to allow the response to carbon dioxide to be measured at each TCE concentration.
Cervical section of the vagi was made in three cats breathing TCE 0.7% and in two cats breathing TCE 1 %. Twenty minutes later the carbon dioxide response (Gautier, 1976) (Gautier, 1976) .
was measured again. An aqueous solution of sodium chloride 0.9% was infused into the artery at a rate of 5 ml h" 1 for the duration of the experiment (4-6 h) and sampled blood was replaced with twice the volume of the saline solution.
Statistical analysis was made with Student's t test for paired and unpaired data as appropriate.
RESULTS
The mean values of the measured and derived variables for cats breathing TCE 0,7% and 1% in 50% oxygen are shown in table I, with similar data for conscious adult cats breathing air, studied by H. Gautier (personal communication) . The weights of the groups were comparable. When compared with cats breathing air, the cats breathing TCE 0.7% had a greater FE, a smaller FT and a markedly greater frequency. The mean rate of inspiration (FT/TJ) was greater in proportion to the greater ventilation and i/^tot was slightly but statistically significantly greater. P&c Oi was less but this was not statistically significant. The cats breathing TCE 1% had FT similar to those breathing 0.7%, but T x and T tot were greater. Consequently FE and VT/T X were less, T il T iot was not significantly different, and Pa COa was greater than in cats breathing TCE 0.7%. These differences are shown in figure 2, in which spirograms have been drawn using the mean values from table I.
In the two cats studied during anaesthesia with TCE 1.5%, ventilation was less than in the 1% group but FT was about the same. Mean VE was 1546 ml min" 1 , FT was 15.5 ml and / > a COs was 15.5 kPa. The ventilatory responses to carbon dioxide for the individual cats in the TCE 0.7% and 1% groups are shown in figure 3 , where the mean response of conscious cats is given for comparison (Gautier, 1976) . In the cats breathing TCE 0.7%, the increase in VE as / > a COa was increased was much less than in awake animals. Two animals (Nos 4 and 10) showed an increase and then a reduction in VE as the inhaled concentration of carbon dioxide was increased. The response to Pa COa was even less in the TCE 1% group. No response to carbon dioxide was seen in the two animals breathing TCE 1.5%.
The influence of Pa c02 on FT, /, FT/7^ and Tj/T tot is shown in figure 4 for cats breathing TCE 0.7%, and compared with data for conscious cats. The small increase in VE was associated with an increase in FT/TJ and FT in all the animals, but / decreased in seven of the nine animals as Pa COa increased, and TJT tot decreased in five. In the cats breathing TCE 1% the changes were less consistent and no clear pattern was evident to account for the small increase in VE that occurred with increased carbon dioxide in three of the five animals.
Before carbon dioxide was given, both F o x and P ol were less in the 1% than in the 0.7% group. The difference was greater for F o 15 but the ratio -Po.i/^o.i was not significantly greater than in the TCE 1% group. No change in the ratio of .P 01 /F 01 occurred with the increase in / > a COa at any of the inhaled TCE concentrations.
Vagotomy. Bilateral section of the vagi in the neck in three animals breathing TCE 0.7% (table II) and in two animals breathing TCE 1% did not cause a significant change in FE, but r x and FT increased and frequency was reduced. However, only the change in FT in the TCE 0.7% group was significant using the paired t test (P<0.05). FT/7^ and T x IT tot did not change. The changes in the spirogram are illustrated in figure 5 for the TCE 0.7% group. d ecreased in all animals, except one breathing TCE 0.7%. The ventilatory response to carbon dioxide was characterized by an increase in FT as / > a COa was increased. However, VE increased in only three animals when Pa COa was increased (two breathing TCE 0.7%, and one breathing TCE 1%) and was associated with an increase in VT/TJ. The changes in timing of respiration that occurred with increasing Pa COa did not show a consistent pattern.
Vagal section did not influence mean arterial pressure which remained greater than 100 mm Hg throughout the experiment.
DISCUSSION
Choice of species. We studied cats because there is a large amount of previous experimental work on their Widdicombe (1961) suggested that the reflex inhibition of inspiration by lung inflation (HeringBreuer reflex) was weak in man and relatively weak in the cat, in comparison with other animal species. However, this method of assessment of the strength of the Hering-Breuer reflex has been shown to be misleading (Younes, Vaillancourt and Milic-Emili, 1974) . Clark and Euler (1972) showed that the responses of cat and man were similar, although the reflex is not present in man in the eupnoeic range of breathing (Guz et al., 1964) .
Methods. The cats were allowed to breathe the appropriate concentration of TCE for 60 min before measurements were made. We consider that this was sufficient to achieve a stable brain concentration of anaesthetic. Measurement of end-expiratory concentrations of trichloroethylene was not possible because of tachypnoea and small tidal volumes. In trial experiments, the inhaled concentration was reduced to 0.5% after at least 1 h of anaesthesia with TCE 0.7%. Coughing and other reflex activity occurred within 10 min of this reduction, and attempts to study cats using this concentration were abandoned. These observations suggested that the change of brain concentration was rapid, possibly because of hyperventilation, and that 1 h would be an appropriate time to allow stabilization. The brain concentration of TCE could have been increased during carbon dioxide administration by an increase in ventilation and possibly in cerebral blood flow. This could account for the increase followed by a decrease in ventilation seen in two cats after inhalation of carbon dioxide. Alternative explanations would be a direct depressant effect of carbon dioxide or fatigue of the respiratory muscles. Gabbard and others (1952) observed a similar reduction in ventilation at greater Pa C02 values in human subjects anaesthetized with ether.
Ventilation. Our results show that ventilation was much greater during inhalation of TCE 0.7% than in unanaesthetized animals. Although the respiratory frequency was markedly greater the relative duration of inspiration in the total respiratory cycle was not greatly increased, because TijT tot was 0.49 during TCE 0.7% anaesthesia, and 0.43 in awake cats. Consequently the rate of inspiration also had to be greater, and in fact FT/TJ was 200% greater during TCE 0.7% anaesthesia than in the conscious animals. It is most unlikely that this could have been caused by altered mechanics of the respiratory system, so that the greater flow rate must have been the result of a more rapid contraction of the respiratory muscles, caused by an increase in the rate of activation of respiratory motoneurones. Therefore TCE causes increased activity of these motoneurones. This conclusion is contrary to the opinion that TCE stimulates respiration by an increase in frequency alone (Severinghaus and Larson, 1965) and illustrates an advantage of considering ventilation in terms of the mean flow and relative duration of inspiration. In the cat, other respiratory stimulants such as caffeine (Mazzarelli, unpublished observations) and doxapram (Bopp, Drummond and Milic-Emili, unpublished observations) have been shown to act by increasing Vi/Tj, and respiratory depressants such as enflurane (Mazzarelli, Chiolero and Milic-Emili, 1979) by decreasing VT/TJ. In the present study, greater inhaled concentrations of TCE were associated with smaller values of VijT^ Greater inhaled concentrations were not associated with an increase in tachypnoea as has been suggested for man (Dundee, 1953) . On the contrary, frequency was less, although Ti/T tot was not different.
The efficiency of ventilation was reduced markedly, presumably by tachypnoea. Ventilation during inhalation of TCE 0.7% was more than three times that in conscious animals, whereas Pa COa values were noi. significantly different in the two states.
Pa COi! values agree with values reported in clinical studies (Talcott, Larson and Buechel, 1965; Unni, McArdle and Dundee, 1972; Buchan and Bauld, 1973) . Marked hypercapnia was present only during anaesthesia with TCE 1.5%, presumably because of an inefficient pattern of respiration.
Diethyl ether is the only other agent that causes an increase in ventilation and a marked increase in frequency , but no information is available on the respiratory pattern during ether anaesthesia, except in newborn rabbits. Tachypnoea occurs also, but the slight increase in ventilation is caused entirely by an increase in Ti/T tot (Thatch, Wyszogrodski and Milic-Emili, 1976) .
Vagotomy. Statistically significant results were not obtained after vagotomy because only a limited number of cats was studied. The most important finding was that tachypnoea was not abolished. Ventilation was essentially unchanged. FT increased significantly and frequency decreased, but this change was not significant statistically. The more efficient pattern of ventilation resulted in a decrease in Pa COi in four of the five animals studied. Vagotomy did not seem to influence FT/7 X and TjlT tot . The ratio of P 01 to V 01 (effective impedance) did not change markedly, so the mechanical properties of the respiratory system did not appear to be altered. Whitteridge and Biilbring (1944) , using cats after spinal section, showed that the discharge of pulmonary stretch receptors was increased by 30-50% during brief ventilation with TCE 0.5-1%. This finding was confirmed in intact cats anaesthetized with either chloralose or pentobarbitone by Coleridge and others (1968) who also showed that TCE 1% did not influence the activity of "high threshold receptors" whose impulses were conducted at mean velocities of 1.5 ms"
1 . Sensitization of pulmonary stretch receptors has been suggested to account for tachypnoea during anaesthesia with TCE and other agents, in animals and man. However, Ngai, Katz and Farhie (1965) showed that TCE caused tachypnoea in cats after vagotomy. Lung inflation does not cause increased tachypnoea in patients anaesthetized with halothane, methoxyflurane or fluroxene as would be expected if the tachypnoea were caused by an active expiration promoting Hering-Breuer reflex (Paskin, Skovsted and Smith, 1968) . Vagal section in dogs anaesthetized with ether and in cats during halothane administration (Younes and Yousef, 1978) did not prevent tachypnoea.
The ratio of total cycle duration before and after vagotomy in the present study was about the same as would be predicted on the basis of the relationship of this ratio to tidal volume, as described by Grunstein, Younes and Milic-Emili (1973) in a study of cats anaesthetized with pentobarbitone.
The cats in the present study had respiratory rates between 100 and 160 b.p.m. In decerebrate cats given TCE 1% the respiratory rate was increased to only 50 b.p.m. and vagal section and carotid denervation did not influence the ability of TCE to cause tachypnoea (Ngai, Katz and Farhie, 1965) . The greater respiratory rates in the present study suggest that TCE may cause tachypnoea by action at a site proximal to the brain-stem colliculi, possibly in the way that hypothermia causes tachypnoea (Pitts, Magoun and Ranson, 1939) , or even proximal to the diencephalon (Cohen, 1964) .
These findings support the analogy drawn by Ngai (1968) , who pointed out that although baroreceptors are sensitized by anaesthetics, this is not responsible for hypotension during anaesthesia. An increase in vagal afferent activity may occur during TCE administration, but the response of the central mechanisms seems to be reduced so that the end result of vagal activity seems similar to that seen in other forms of anaesthesia. Afferent impulses from the chest wall, such as muscle spindles, have been shown to influence the duration of inspiration (Remmers, 1970) and TCE may cause tachypnoea by augmenting such a reflex. Ventilatory response to carbon dioxide. The study of Ngai, Katz and Farhie (1965) in decerebrate cats showed that the ventilatory response to carbon dioxide was reduced by TCE. On the other hand, Talcott, Larson and Buechel (1965) suggested that the mean ventilatory response of five human subjects was not influenced by anaesthesia using TCE 1 and 2%. However, the mean ventilatory response of the conscious subjects was small, and the range of increase in carbon dioxide values (0.4-0.8 kPa) was also small (Severinghaus and Larson, 1965) . Our results show that the actions of TCE resemble those of ether, consisting of an increase in ventilation in the absence of stimulation with inhaled carbon dioxide but a reduced carbon dioxide response . Many other volatile anaesthetic agents cause a decrease in ventilation and a reduced carbon dioxide response (Munson et al., 1966) .
MODELE DE RESPIRATION ET REACTIONS
AU GAZ CARBONIQUE PENDANT UNE ANESTHESIE AU TRICHLOROETHYLENE CHEZ LE CHAT RESUME On a mesure le volume courant (VT), la ventilation par minute (PE), la duree de l'inspiration et de l'expiration, de meme que la Paco, grace a une trachSotomie effectuee sur des chats adultes, anesthesias au trichloroethylene (TCE) inspire a raison de 0,7%, 1% et 1,5%. La canule tracheale a et6 obturee a certains intervalles au debut de l'inspiration et on a mesure la pression tracheale pour estimer la force de contraction des muscles respiratoires. L'anesthesie a l'aide de TCE a 0,7% a ete associee a une augmentation de la I^E, a une reduction du Vr et a une augmentation marquee de la frequence respiratoire et du taux moyen de debit inspiratoire, mais ies vaieuis de la Paco, n'ont pas differd 'une maniere tres significative de celles des animaux conscients. La ventilation a aussi 6te plus forte que sur Ies animaux conscients, pendant l'anesthesie a l'aide de TCE a 1%. Le TCE a 1,5% a provoque une Paco, sensiblement plus grande que sur Ies animaux conscients. Toutes Ies concentrations de TCE ont cause une reduction de la reaction ventilatoire au gaz carbonique, mesuree a l'aide de la methode de Pequilibre cindtique. La section cervicale vagale n'a pas empeche la tachypnee causee par le TCE. 
ATMUNGSRHYTMUS UND REAKTIONEN

SUMARIO
Mediante una traqueostomla en gatos adultos anestesiados por medio de 0,7%, 1% y 1,5% de tricloroetileno (TCE) inspirado, se midieron el volumen respiratorio (FT), la ventilation por minuto (KE), la duration de la inspiraci6n y de la expiration, asi como el Paco,-Al principio de la inspiration, estaba ocluida a intervalos la canula traqueal y se midio la presion traqueal para evaluar la fuerza de contracci6n de los musculos respiratorios. La anestesia mediante 0,7% de TCE se acompafio de un aumento de VE, una reduction del VT y de un incremento marcado de la frecuencia respiratoria y del ritmo del flujo inspiratorio medio, pero los valores del Paco, no se alteraron de manera significative para con los de animales conscientes. Tambien era mayor la ventilacion durante la anestesia con un 1 % de TCE que la de los animales conscientes. Un 1,5% de TCE dio lugar a un Paco, sensiblemente mayor que en los animales conscientes. Todas las concentraciones de TCE provocaron una reduction de la respuesta ventilatoria al dioxido de carbono, medido segiin el metodo de estado estable. La section vagal cervical no elimin6 la taquinea causada por el TCE.
